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a Department of Analytical Chemistry, Faculty of Chemical Engineering, University of Chemistry and Technology, Technická 5, 16628 Prague 6, Czech Republic 
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A B S T R A C T   

Arsenic of natural or industrial origin often occurs in water and makes it impotable. Due to its high toxicity, very 
sensitive detection is required. In the present study an ultra-sensitive arsenite (As3+) sensing is reported, based on 
aggregation-aided surface-enhanced Raman scattering (AA-SERS) of modified silver colloids. SERS intensity of 
mercapto-compounds attached to the colloidal silver nanoparticles surface is greatly increased in the presence of 
arsenic. Colloid aggregation is facilitated by cross-linking; a meshwork consisting of arsenic atoms and gluta
thione bridges is formed, as indicated by UV–Vis absorption spectroscopy, TEM and Raman imaging. The best 2- 
mercaptopyridine reporter molecule makes it possible to directly detect As3+ at concentrations as low as 0.5 ppb, 
which is better than achieved by the SERS technique so far.   

1. Introduction 

Arsenic is a toxic element responsible for a multitude of diseases if 
found in food or beverages [1–11]. According to the World Health Or
ganization (WHO) a concentration as low as 10 ppb (μg L− 1) in drinking 
water may be dangerous to humans [1,12]. However, 
arsenic-contaminated water is often used, e.g., for irrigation, and arse
nite anions can spread and accumulate in the crops. Its toxicity has been 
attributed to arsenic thiol affinity as it dehydrogenates the SH group in 
proteins, enzymes, etc., which results in cell death [13–16]. 
Life-threatening medical conditions caused by contaminated water have 
been reported in many countries in the Indian peninsula, south-east 
Asia, or South America [17–21]. In most European countries, arsenic 
concentration in natural water sources are mostly below the WHO limit. 
Higher levels in groundwater have been reported from certain regions of 
Italy, Poland and Hungary [22–31]. In the USA, 7% of wells suffer from 
arsenic levels above 10 ppb [32]. 

Due to its high toxicity, very sensitive detection of arsenic is neces
sary. Several protocols have been reported so far, including surface- 
enhanced Raman scattering (SERS) [1,22,33–43]. In SERS, the Raman 
signal is enhanced by several orders of magnitude upon adsorption of 
the molecules of interest on metal surfaces [44–49]. Being one of the 
most sensitive spectroscopic tools, the SERS technology is also widely 
used in environmental studies. It can trace a wide range of inorganic and 
organic molecules, including DNA, RNA, proteins, peptides [15,36,44, 
50,51], or even living cells [52]. Other techniques that can be used for 
arsenic detection and provide comparatively the same sensitivity 
include mass spectrometry, atomic fluorescence spectrometry, and nu
clear magnetic resonance spectroscopy. The main advantages of SERS 
are simplicity, it is time and cost-effective, and requires reasonable effort 
for the sample preparation. It requires small amount of sample and is 
effective for selective as well as mixture analysis. However, SERS ex
periments are often not well reproducible. In the present work we 
therefore aim at a SERS protocol which is both reproducible and could 
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achieve low limits of detection. 
Greaves and Griffith reported As5+ SERS spectra but only at con

centrations greater than 100 mg L− 1, using Ag sols [53]. Other reports 
focused on SERS detection of aqueous arsenic samples by monolayers of 
polyhedral Ag nanocrystals [33]. Compared to three forms of 
polyvinylpyrrolidone-capped Ag nanoparticles (AgNPs), the monolayer 
of octahedral AgNPs yielded better results, and exhibited a linear rela
tionship between the SERS signal and arsenic concentration, between 
1.0 and 180 ppb. Banerjee’s group [54] used gold nanoparticles (AuNPs) 
and developed a highly sensitive dynamic light scattering (DLS) assay 
for arsenic sensing in aqueous solution. Other SERS experiments 
included both As5+ and As3+ forms [36,55]. On multilayer Ag nanofilm 
substrates, the detection limit was below 5 ppb. Ag nanowire substrate 
was also fabricated [22]. These substrates were stable, sensitive, selec
tive and uniform, and yielded reproducible results. Other groups pre
pared substrates by a modified mirror reaction [55] or electrolytic 
plating [22]. The presence of electrolytes at low concentrations can 
considerately improve the SERS sensitivity. Song et al. prepared a 
biosensor based on Au–Ag core-shell nanoparticles [56]. Li et al. sug
gested an indirect detection strategy based on glutathione and 4-mer
captopyridine-doped AgNPs [34]. This was then improved to suit 
quantitative detection of As(III) ions in continuous flow of a microfluidic 
chip [35]. Liu et al. [57] developed a nanosheet substrate consisting of 
Ag nanoporous film doped with γ-Fe2O3; As(V) could then be detected 
down to 1 ppb. 

Nevertheless, a practical use of the SERS technology brings about 
many problems. Preparation of a stable, highly functionalized substrate 
is difficult as impurities and even minor variations of the experimental 
conditions can strongly affect the spectra. 

In the present study, we investigate a more user-friendly method, 
with arsenic attached to glutathione [47] acting as a ‘bridge’ molecule. 
This cross-links the silver nanoparticles into dense colloidal aggregates, 
and SERS of a ‘reporter’ molecule (a mercapto-compound [58]) is 
greatly enhanced. We refer to this phenomenon as ‘aggregation-aided 
SERS’ (AA-SERS). Our protocol represents efficient ‘direct’ sensing of 
arsenite ion (As3+), it does not rely on data extrapolation employed in 
other protocols [34,35], and achieves the lowest detection limit re
ported so far. 2-mercaptopyridine was found as the most efficient re
porter molecule. The aggregation is confirmed by Raman microscopy 
and transmission electron microscopy. 

2. Materials and methods 

2.1. Preparation of borate-stabilized silver nanoparticles (AgNPs) 

Commercial chemicals (Sigma-Aldrich) and Milli-Q water were used 
throughout. Colloidal AgNPs were synthesized by a standard reduction 
procedure described elsewhere [59–62]. Solution ‘S1’ was prepared by 
mixing 20.5 μL of 0.182 M AgNO3 with 3.73 mL of water. Solution ‘S2’ 
consisted of 11.5 μL of 2.01 M NaBH4 in triethylene glycol dimethyl 
ether and 11.25 mL of water. S1 was added dropwise to S2 under con
stant stirring continued for another 3 min. The mixture was then filtered 
through a cotton plug. The filtrate was left overnight at room temper
ature in dark, and then stored at 5 ◦C for at least one day before 
measuring SERS spectra. In the UV–Vis absorption spectra, the AgNPs 
exhibited an absorption band at 398 nm (full width at half maximum of 
98 nm). The synthesized AgNPs showed an enhancement factor of at 
least 104 with 1 mM aqueous solution of 2-MPY, but can be bigger for 
lower concentrations. 

2.2. Modification of AgNPs by bridge and reporter molecules 

Modified AgNPs were prepared by mixing 1 mL of the borate- 
stabilized AgNPs substrate (see above) with 100 μL of 0.5 μM gluta
thione (GSH, the “bridge” molecule) and 100 μL of 1 μM 2-mercaptopyr
idine (2-MPY), 4-mercaptopyridine (4-MPY), or 2-mercaptopyrimidine 

(2-MP), these being the so-called “reporter” molecules. The mixture was 
vigorously stirred for 2 min and kept overnight at room temperature in 
dark before recording SERS spectra. We explored also other concentra
tions of the reporter (mercapto compound) and bridge (GSH) molecules; 
the composition specified above provided the strongest AA-SERS. Note 
that GSH links the colloid particles and the As3+ ions together but does 
not provide measurable SERS signal. Higher GSH concentrations than 
0.5 μM caused the colloid to immediately precipitate. 

2.3. Solutions of As3+ and other metal ions for method calibration 

As2O3 was dissolved in ~10 μL of 0.1 M sodium hydroxide solution 
(due to poor solubility in pure water), and then diluted with Milli-Q 
water to achieve As3+ concentrations ranging from 0.1 to 500 ppb (μg 
L− 1). Similarly, solutions of Al, Co, Fe, K, Ni, Pb and Zn salts were made. 
Before SERS measurement, 20 μL of the analyte solution was added to 
60 μL of modified AgNPs substrate and left undisturbed for 5 min to let 
the colloid aggregate. 

2.4. SERS measurement 

SERS spectra were recorded using a backscattering μ-ChiralRaman- 
2X™ instrument (BioTools, Inc.) with 532 nm laser excitation and 7 
cm− 1 spectral resolution. The laser power was 300 mW, accumulation 
time 10 min. 

2.5. UV–VISible spectra measurement 

UV–VISible spectra of dispersed AgNPs (before and after modifica
tion by 2-MPY and GSH) and aggregated AgNPs (after also adding As3+) 
were measured by a WTW PhotoLab7600 spectrometer. The sample was 
placed in a quartz cuvette of 1 cm path length, and the spectra recorded 
between 200 and 900 nm. 

2.6. Transmission electron microscopy (TEM) 

Parlodion-carbon-coated grids were floated on top of a 10 μL drop of 
the sample for 5 min. After drying, the grids were examined in a JEOL 
JEM-1011 electron microscope operated at 80 kV. 

2.7. Raman microscopic imaging 

SERS image of AgNPs aggregated by the arsenic-glutathione mesh
work was captured by a WITec alpha300 R Raman microscope with a 
Zeiss 100 × /0.9 objective. A square spacer (outer dimensions ca 20 ×
20 mm) made of Parafilm M (thickness ca 0.13 mm) was placed on a 
microslide (Figs. S1–A, Supporting Information). A 5 μL droplet of 
colloid solution was positioned on the microslide in the middle of the 
spacer and covered with a standard coverslip (18 × 18 mm, thickness ca 
0.17 μm) then clamped to the microslide by stationery or other suitable 
clips (Figs. S1–B, Supporting Information). The coverslip was sealed 
around its edges by nail varnish (not visible in the figure) to the 
microslide to prevent evaporation of the colloid solution. Once the 
varnish solidified (within a few minutes) the clips were removed 
(Figs. S1–C, Supporting Information). 

A specimen chamber thus made can be used with objectives featuring 
a working distance of at least ca 0.3 mm (spacer + coverslip thickness). 
Spectral imaging was carried out in an area of 20 × 20 μm (nominally 40 
× 40 pixels, integration time 1 s per pixel) under 532 nm excitation by a 
diode laser operating at 1 mW. 

3. Results and discussion 

First, control SERS spectra of 2-MPY, glutathione, and their mixture 
were measured in arsenic-free solutions (Fig. 1, parts A, B and C, 
respectively). As apparent, these analytes provide only small band 
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intensities at micromolar concentrations. One can see, for example, an 
aromatic band around 1000 cm− 1, while, except for the background, the 
spectra are dominated by the glass (~420 cm− 1) and water (1650 cm− 1) 
bands. 

We explain the lack of strong SERS by incomplete or non-existent 
aggregation of the colloids. Addition of As3+, however, induces aggre
gation and a strong SERS signal of 2-MPY appears (Fig. 2), which has 
already been observed for 4-MPY [34,35]. 

In order to observe the SERS spectra at very low concentrations of 
As3+, it is therefore necessary to aggregate the colloids. In aggregates, 
hotspots are present in which the laser intensity, and consequently the 
SERS signal is greatly amplified [63,64]. Higher As3+ concentration is 
expected to produce more extensive aggregation of AgNPs, thereby 
producing stronger SERS. 

GSH is a chelating ligand that binds to silver nanoparticle surfaces 
via Ag–S bonds. This fact is well-known and has been extensively 
researched. Through an As–S link, also the arsenic may react with 
mercapto group-containing ligands. In this study, however, after the 
modification of silver nanoparticles, neither GSH nor the mercapto 

compound contains a free SH group to interact with the As3+ ions. On 
the other hand, As3+ can bind via As–O bonds to three GSH molecules, 
thus producing the aggregates (Fig. 2B, references [34,35]). This creates 
sufficient SERS hotspots with increased intensity of the electromagnetic 
field where the signal from the reporter molecule is enhanced. 

The aggregation can also be detected by absorption spectroscopy. 
Fig. 3 shows UV–Vis absorption spectra of the AgNPs, before and after 
addition of GSH + 2-MPY, for different concentrations of As3+. As for 
SERS (Fig. 2), the presence of micromolar amounts of GSH and 2-MPY 
does not affect the absorption band significantly. However, the extra 
addition of As3+ brings about profound changes; the 410 nm band gets 
smaller and a new maximum appears at ~540 nm, which is due to AgNP 
aggregation [65]. 

Similarly, the aggregation can be observed in the transmission 
electron microscopic (TEM) images (Fig. 4, Fig. S2, Supporting Infor
mation). Micromolar concentrations of GSH and 2-MPY result only in 
small aggregates of the AgNPs. Presence of As3+, however, brings about 
much larger clusters, typically ca 1 μm in diameter.. 

The aggregates were also observed in solution, by both brightfield 

Fig. 1. Surface-enhanced Raman spectra (SERS) of borate-stabilized silver nanoparticles (AgNPs [0.25 mM AgNO3], 1 mL) modified by (A) mercaptopyridine (2- 
MPY, 100 μL), (B) glutathione (100 μL), and (C) 2-MPY (100 μL) + glutathione (100 μL), at concentrations stated in the figure. Arrows/ellipse in the spectrum 
indicate the position/absence of the ring breathing band of 2-MPY. 
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and Raman microscopy (Fig. S1, Supporting Information and Fig. 5, 
respectively). As expected, higher concentration of As3+ generated more 
aggregates. Raman imaging also revealed that the SERS intensity is 

stronger in bigger aggregates. It is worth mentioning here that the 
Raman imaging was done on a WITec alpha300 R Raman microscope, 
which uses a small laser spot. Unlike the SERS detection experiment, 
which was done on a BioTools μ-ChiralRaman-2X™ instrument where 
several aggregates were focused within the laser spot, here the laser spot 
can be focused at different regions within a single aggregate. That is why 
a location-specific variation in intensity of the Raman bands could be 
observed. Raman imaging was done to confirm that the aggregates 
observed in TEM is not a drying artifact. 

The dependence of SERS signal on the As3+ concentration is docu
mented in detail in Fig. 6, for all three mercapto-compounds (2-MPY, 4- 
MPY and 2-MP); an almost linear dependence between As3+ concen
tration and SERS intensity was observed between 10 and 100 ppb. This is 
documented for the strongest band, the ring breathing mode of pyri
dine/pyrimidine ring (Fig. 7). Other band assignments are given in 
Table S1, Supporting Information and the data consisting of calculation 
of average SERS intensities and standard deviations, plotted in Fig. 7, are 
presented in Table S2, Supporting Information. 

As apparent from Fig. 7, the dependence is more complicated below 
10 ppb. For 4-MPY and 2-MP, the intensity is about constant below 3 ppb 
and 10 ppb, respectively, and then there is a stepwise change. We found 
that 2-MPY is more sensitive as a SERS reporter compared to 4-MPY and 
2-MP, and the linearity in concentration vs intensity plot (Fig. 7) is well- 
maintained even below 10 ppb all the way down to 0 ppb. We have 
experimentally observed this effect to be reproducible and could 

Fig. 2. (A) SERS spectra of a mixture of 2-mercaptopyridine (2-MPY, 1 μM) and glutathione (GSH, 0.5 μM) in the absence and presence of As3+ ions. (B) Suggested 
mechanism of aggregation. Glutathione attached to the silver nanoparticles (AgNPs, from 0.25 mM AgNO3) binds also to arsenic, thus efficiently cross-linking the 
aggregates into a more densely packed meshwork. 

Fig. 3. UV–Vis absorption spectra of silver nanoparticles (AgNPs, nominally 
0.25 mM AgNO3) upon successive addition of glutathione (GSH, 0.5 μM), 2- 
mercaptopyridine (2-MPY, 1 μM) and various concentrations of As3+. 

Fig. 4. Visualization of aggregation by transmission electron microscopy. (A) Silver nanoparticles alone (AgNPs, nominally 0.25 mM AgNO3) are barely visible. (B) 
An addition of glutathione (GSH, 0.5 μM) and 2-mercaptopyridine (2-MPY, 1 μM) brings about partial aggregation. (C) Adding As3+ (100 ppb) results in denser and 
bigger aggregates (cf. Fig. 5). More TEM images are shown in Supporting Information (Fig. S2). 
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‘directly’ detect 0.5 ppb of As3+ from the SERS spectrum, without the 
need of data extrapolation. To the best of our knowledge, this is the 
lowest detection limit achieved in the realm of SERS. The obvious reason 
why 2-mercaptopyridine is the best reporter is unknown. We suggest 
that it is a combination of molecular reactivity and symmetry, deter
mining the SERS response. In all our experiments, the standard deviation 
of the blank signal is practically zero. Therefore, any signal higher than 
the blank signal may be considered as the SERS detection limit. 

The selectivity of As3+ detection was verified by examining other 
metals (aluminum, cobalt, iron, potassium, nickel, lead and zinc). None 
of them yielded SERS signal comparable to arsenic (Fig. S4, Supporting 
Information). Additionally, spike and recovery experiments were car
ried out for three different concentrations of As3+ in tap water using the 
GSH + 2-MPY modified AgNPs. Table S3 (Supporting Information) 
presents the recovery rates, which are nearly 100%, suggesting excellent 
selectivity of this method in detecting As3+. 

4. Conclusions 

In an effort to develop simple, selective and sensitive As3+ detection, 
we utilized colloid aggregation aided by cross-linking between arsenic 
and glutathione. SERS of three mercapto-compounds was monitored. In 
the presence of As3+ and glutathione, the SERS signal of 2-MPY was very 
strongly enhanced. We refer to this phenomenon as “aggregation-aided 
SERS” (AA-SERS). The suggested SERS enhancement mechanism is 
supported by UV–Vis absorption spectra, TEM and Raman imaging. 
Using this protocol, we did a concentration dependent study of As3+ ions 
in aqueous solution and attempted to detect the lowest concentration of 
arsenite ions possible. The novel use of 2-mercaptopyridine (2-MPY) 
made it possible to reach the lowest detection limit of As3+ (~0.5 ppb) 
achieved so far by the SERS technique. Our protocol represents efficient 
direct sensing of arsenite ions. Compared to other techniques, the 
method is relatively simple and does not rely on data extrapolation. We 
thus believe that it is of potential use in monitoring arsenic contami
nation of the environment. 

Fig. 5. SERS image of aggregates formed upon mixing silver nanoparticles (AgNPs, nominally 0.25 mM AgNO3), glutathione (GSH, 0.5 μM), 2-mercaptopyridine (2- 
MPY, 1 μM) and 100 ppb A3+ (cf. Fig. 4). SERS spectra (a–c) were obtained from corresponding spots in the image. For brightfield image, see Fig. S1, Supporting 
Information. 

Fig. 6. SERS spectra of three reporter molecules: 2- 
mercaptopyridine (2-MPY), 4-mercaptopyridine (4- 
MPY) and 2-mercaptopyrimidine (2-MP), at various 
concentrations of As3+, and the same concentration of 
silver nanoparticles (nominally 0.25 mM AgNO3). 
The ring breathing mode is highlighted. Arrows mark 
the SERS detection limit for As3+ (cf. Fig. 7). All 
spectra were obtained in the presence of glutathione 
(GSH, 0.5 μM). More SERS spectra are shown in 
Supporting Information (Fig. S3).   
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E. Fernández-Fernández, D. Prada-Rodríguez, Pressurized liquid extraction 
followed by high performance liquid chromatography coupled to hydride 
generation atomic fluorescence spectrometry for arsenic and selenium speciation in 
atmospheric particulate matter, J. Chromatogr. A 1215 (1–2) (2008) 15–20. 

[39] N. Zhang, N. Fu, Z. Fang, Y. Feng, L. Ke, Simultaneous multi-channel hydride 
generation atomic fluorescence spectrometry determination of arsenic, bismuth, 
tellurium and selenium in tea leaves, Food Chem. 124 (3) (2011) 1185–1188. 

[40] S. Kempahanumakkagari, A. Deep, K.-H. Kim, S.K. Kailasa, H.-O. Yoon, 
Nanomaterial-based electrochemical sensors for arsenic-A review, Biosens. 
Bioelectron. 95 (2017) 106–116. 

[41] G. Bhanjana, N. Dilbaghi, S. Chaudhary, K.-H. Kim, S. Kumar, Robust and direct 
electrochemical sensing of arsenic using zirconia nanocubes, Analyst 141 (13) 
(2016) 4211–4218. 

[42] K. Jitmanee, M. Oshima, S. Motomizu, Speciation of arsenic (III) and arsenic (V) by 
inductively coupled plasma-atomic emission spectrometry coupled with 
preconcentration system, Talanta 66 (3) (2005) 529–533. 

[43] K. Mao, H. Zhang, Z. Wang, H. Cao, K. Zhang, X. Li, Z. Yang, Nanomaterial-based 
aptamer sensors for arsenic detection, Biosens. Bioelectron. 148 (2020), 111785. 

[44] D.L. Jeanmaire, R.P. Van Duyne, Surface Raman spectroelectrochemistry: Part I. 
Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver 
electrode, J. Electroanal. Chem. Interfacial Electrochem. 84 (1) (1977) 1–20. 

[45] M. Moskovits, Surface-enhanced spectroscopy, Rev. Mod. Phys. 57 (3) (1985) 783. 
[46] K.C. Bantz, A.F. Meyer, N.J. Wittenberg, H. Im, Ö. Kurtuluş, S.H. Lee, N. 
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